S are recently identified proteins with high primary sequence homology to members of papain superfamily, including cathepsins B, L, H and papain. Models of the tertiary structures of cathepsins K and S and their complexes with a specific substrate and inhibitor were constructed and compared with the recently determined X-ray structure of cathepsin K. A major problem in the determination of the three-dimensional structure of proteins concerns the quality of the structural models obtained from the interpretation of experimental data. The framework of the tertiary structures of cathepsins K and S consisted of structurally conserved regions from the tertiary structure of the papain superfamily and the variable regions were constructed with fragments of other proteins from the protein data base. Based on docking studies the non-bonded interaction energies of ligands with the cathepsins were estimated. These energies correlate with experimentally determined substrate and inhibitory potency.
Introduction
Cathepsins B, H, L and S are papain family cysteine proteases that have been implicated in a variety of physiological processes such as proenzyme activation (Eeckhout and Vaes, 1977; Shinagawa et al., 1990; Kobayashi et al., 1991) , enzyme inactivation (Bond and Barrett, 1980) , antigen presentation (Takahashi et al., 1989; Roche and Cresswell, 1991; Michalek et al., 1992) , hormone maturation (Uchiyami et al., 1989) , tissue remodelling and bone matrix resorption (Delaisse et al., 1980; Maciewicz et al., 1990; Guinec et al., 1993; Blondeau et al., 1993) . Their proteolytic activities may also be relevant to human diseases such as neoplasia (Schamberger and Rudolph, 1967; Sloane et al., 1981; Mort et al., 1983; Gabrijelcic et al., 1992) , arthritis (Buttle et al., 1992) , emphysema (Chapman et al., 1984; Eidelmann et al., 1990 ) and Alzheimer's disease (Cataldo et al., 1991; Petanceska et al., 1994) . Although less is known about cathepsin S it is believed to be involved in collagen and elastin degradation (Maciewicz and Etherington, 1988) .
Recently, a novel protein with high homology to cysteine proteases of the papain/cathepsin superfamily has been shown to be highly expressed within the osteoclast, but not in cells from spleen, liver, kidney, muscle or lung (Li et al., 1994; Tezuka et al., 1994; Brömme and Okamoto, 1995; Shi et al., 1995) . The resorption of bone is carried out by multinuclear cells of hematopoietic lineage known as osteoclasts.
In contrast, relatively low levels of cathepsins B, L and S were found within the osteoclast . This unique and selective cellular distribution has prompted reference to this protein as cathepsin K . All these enzymes have closely related amino acid sequences and overall folding structures and utilize identical catalytic groups. In spite of these similarities, there is a great divergence in their proteolytic specificity, such as endopeptidase (papain, actinidin, cathepsin L, cathepsin K and cathepsin S), aminopeptidase (cathepsin H) and dipeptidylcarboxypeptidase (cathepsin B). Therefore, it is of interest to investigate the role of amino acid residues around the active site evoking such a divergence in proteolytic activities.
The knowledge of the specificity of cathepsins can lead to a better understanding of the physiological roles of these enzymes. Schechter and Berger (1967) demonstrated that substrates could interact with seven subsites (S 1 -S 4 and S 1 Ј-S 3 Ј) in papain and that the primary determinant of the specificity was the nature of the P 2 residue. This has been shown to be the case also with other cysteine proteases of the papain family, in particular the cathepsins B, L, S and K (Barrett and Kirschke, 1981; Aibe et al., 1996; Bossard et al., 1996; .
Recently, McGrath et al. (1997) determined the X-ray structure of cathepsin K with inhibitor and we could compare this tertiary structure with the modelled structure of cathepsin K. The amino acid sequence of the five cathepsins are known. On the basis of the X-ray structures of selected proteins from the Brookhaven Protein Data Bank (PDB) (http://ftp.pdb.bnl.gov) models of the tertiary structures of cathepsins K and S were constructed. The framework for the models of both cathepsins consisted of structurally conserved regions from tertiary structures of known cysteine proteases X-ray structures. Variable regions were selected from fragments of other proteins from the PDB.
The present study were carried out in order to determine the tertiary structures of cathepsins K and S. The investigation of the docking interaction behaviour of a substrate and inhibitors with these cathepsins with special consideration to the S 2 subsite should help better understanding of the specificity determinants of this class of enzymes in general.
Methods

Modelling of the tertiary structures of human cathepsins K and S
COMPOSER, a suite of programs for homology modelling was used to prepare the models of cathepsins K and S (Blundell et al., 1988) . The procedure is automated but allows the manual intervention by defining the structurally conserved regions (SCRs) and in selecting the structurally variable regions (SVRs). Briefly, the modelling procedure consisted of the following steps: comparable enzymes with known X-ray structure of the PDB were aligned with both cathepsin sequences and SCRs were identified and a framework of conserved Downloaded from https://academic.oup.com/peds/article-abstract/11/11/1007/1478246 by guest on 17 December 2018 regions was defined as mean positions of structurally equivalent C α atoms. The SCRs were chosen from the tertiary structure on the basis of sequence similarity with cathepsins K and S. SVRs were selected from the database of peptide fragments extracted from the protein database in order to satisfy end-toend distances of the SCRs already positioned in the framework. The program also checked for spatial overlaps.
The resultant tertiary structures were minimized with the TRIPOS force field including electrostatic interactions based on Gasteiger partial charge distributions by using a dielectric constant with a distance dependent function ε ϭ 4r and a cutoff of 8 Å (Gasteiger and Marsili, 1980; Clark et al., 1989 ). The energy minimum was considered to be reached when the energy change was not larger than 0.01 kcal/mol using the Powell minimiser included in SYBYL/MAXIMIN2.
The quality of the obtained structures can be assisted with the program PROSA (Sippl, 1993a,b) . It calculates a score for the modelling structures. Z-scores of native protein folds indicate the quality of the protein structures. The scores of native folds are in a characteristic range and they depend on the sequence length. A polyprotein was used for the zscore calculation. The polyprotein is constructed from protein modules which are connected by linker regions. It consists of 230 proteins of known structure with a total length of~50 000 residues. A polyprotein is a device for the efficient generation of alternative conformations for a given amino acid sequence. These conformations have good stereochemistry and many features of native protein folds. The set of conformations derived from the polyprotein represents a sample of the conformation space of a given protein.
The amino acid sequences of cathepsins K and S were combined with all conformations in the polyprotein and the energies were calculated. The z-score is derived from the resulting energy distribution. The z-score Z p of the cathepsins was obtained from the energy E p of both by Z p ϭ (E p -Ē )/σ where Ē is the average energy of all fragments derived from the polyprotein and σ is the associated standard derivation. PROSA calculates energy graphs for the energetic architecture of the protein folds as a function of the amino acid sequence position (see Figures 1a and b ). These energy graphs represent a detailed view of the energy distributions in protein folds from the residue interaction energies e ij . The interaction energies e ij (i, j ϭ 1,..., l) from the energy matrix E of a conformation, where the sequence length l correspond to the dimension of the matrix. From E the interaction energy e i ϭ Σ j e ij of a particular residue i is derived. When e i is plotted as a function of i an energy graph will result displaying the energy distribution of a sequence structure pair in terms of sequence position. In these energy graphs positive values point to strained sections of the chain and negative values correspond to stable parts of the molecules.
Docking procedure
A substrate (Boc-Ala-Gly-Pro-Arg-MCA) (Aibe et al., 1996) and peptidyl vinyl sulfone (Mu-X-Hph-ψ(CHϭCH-SO 2 -Ph) XϭLeu or MetO 2 ) as inhibitors were docked in the minimized modelled structures of cathepsins by using the program FLEXIDOCK (TRIPOS Associates Inc., 1699S Hanley Road, Suite 303, St Louis, MO 63144, USA). (Abbreviations: Boc, terbutyloxycarbonyl; MCA, 7-(4-methyl) coumarylamide; Mu, 4-morpholinecarbonyl; ψ(CHϭCH-SO 2 -Ph), vinyl sulfone; Ph, phenyl; Hph, homophenylalanine; MetO 2 , methionine dioxide.) The program performs docking of ligands into receptor binding sites. From these investigations a conclusion can be drawn of the arrangement to the receptor site to decide whether they fit completely or only in parts. The method allows both the ligand and the receptor binding pocket to 'flex' during docking so that an induced fit can be explored. FLEXIDOCK is composed of two main components: (i) a genetic algorithm (GA) for altering the ligand, the receptor site and their relative fit; and (ii) an energy evaluation function for scoring the resulting interactions (Judson, 1997) . The ligands should be prepositioned in the binding pocket of the enzyme. We used the following criteria to mark bonds as rotatable: non-terminal single bonds that do not belong to rings or amide bonds. Moreover, the bonds of the amino acid side chains of the binding pocket were also defined as rotatable. The cut-off distance for non-bonded interactions between the residues was set to 16 Å. Gasteiger partial charge distributions were assigned for the ligand and receptor. A distance dependent dielectric constant of εϭ4r was used.
Successive generations were created through steady-state GA. New members formed via crossover and the parents were selected for crossover by roulette wheel. Fitness score was scaled with the rank scaling method. The number of islands was 3 and equivalent members of an island were replaced. The determined complexes of cathepsins with inhibitors and a substrate were minimized for the calculation of the nonbonded interaction energies between cathepsins and their ligands with the TRIPOS force field (see above).
Results
Determination of the cathepsins K and S tertiary structures
The tertiary structures of both cathepsins were modelled by the program COMPOSER (Blundell et al., 1988) . A database of several proteins with known X-ray structure from the PDB database was created for homology modelling (PDB entries: 1aec, 1arb, 1cgh, 1cjl, 1cpi, 1ctl, 1gec, 1hav, 1huc, 1lya, 1lyb, 1pad, 1pe6, 1pop, 1ppd, 1ppn, 1ppo, 1sgt, 1yal, 2act, 5sga, 9pap) . Primary structure similarity of the selected proteins to cathepsin K is listed in Table I . The final model consists of 10 SCRs of 3-35 residues and nine SVRs of 1-11 residues (see Table II ). Root-mean square deviation (r.m.s.d.) to the framework for the known tertiary structures is less than 0.36 Å. Similarity of the SCRs with the sequence of cathepsin K is generally above 60% with the exception of region 109-115, where the similarity is only 43%. Disulfide bridges were generated between the cysteine residues Cys22-Cys63, Cys56-Cys96 and Cys155-Cys204.
The obtained model of cathepsin K was minimized and checked with PROSA (Figures 1a and 2) . Figure 1a shows two energy graphs calculated from the X-ray structure of cathepsin K and the modelled structure of this cathepsin. In general, the energy graphs of the observed sequence structure pairs have negative values which correspond to stable parts of these molecules. We can also observe a strong correlation of the energy courses between the X-ray structure and the theoretical structure of cathepsin K (Figure 1a) . Therefore, the theoretical structure is in good agreement with the recently determined X-ray structure of cathepsin K (PDB entry: 1mem) (Figure 2) . The z-score of the X-ray structure is -9.59 and for the calculated structure the z-score is -9.34. The r.m.s.d. for the SCRs with the corresponding X-ray structure are 0.54 Å using the backbone atoms, 1.44 Å for the side chain atoms only and those values for the SVRs are 1.12 (backbone) and 2.83 Å (side chain). The r.m.s.d. of 1.1 Å (all atoms except hydrogens) between the X-ray structure and the model of cathepsin K is rather small. Furthermore, the energy graphs and the z-score values support the principal correctness of the model of cathepsin K determined with COMPOSER. Moreover, we modelled the tertiary structure of cathepsin K with COMPOSER by using the same conditions, but in this step the database contains the PDB entry of the X-ray structure of cathepsin K. The obtained structure was also minimized and checked with PROSA. It is not surprising that this structure is in better agreement with the X-ray structure, though the differences of both calculated structures of cathepsin K are very small. The z-score of the second structure is -9.47 and the r.m.s.d. to the first structure is only 0.8 Å.
On the basis of the strong correlation of the obtained tertiary structure of cathepsin K, the structure of cathepsin S was modelled in the same manner (Figures 1b and 3 ). An X-ray structure of cathepsin S is unknown up to now, only the lattice constants are published (Brömme and McGrath, 1996) .
The structure similarity of the selected proteins is listed in the order of identity in Table I . The obtained model contains nine SCRs of 7-59 residues and eight SVR regions of 1-11 residues (Table II) . The r.m.s.d. is less than 0.40 Å and the similarity of the SCRs with the sequence of cathepsin S is above 52% whereas the region of amino acid sequence 112-118 has a similarity only of 42%. Four disulfide bridges were formed between the cysteine residues Cys12-Cys110, Cys22-Cys66, Cys56-Cys99 and Cys158-Cys206.
The calculated model of cathepsin S was minimized and analysed. In comparison to cathepsin K the homology of cathepsin S is lower to the proteins of the used database (Table I) . However, the modelled structure of cathepsin S correlates also to the tertiary structure of cathepsin K. The z-score of this structure is -9.30. The energy graph shows mostly negative values. The course of this graph corresponds to cathepsin K (cf. Figures 1a and b) .
We calculated in the next step another model of cathepsin S based on the X-ray structure of cathepsin K. After the minimization of the energy the amino acid sequence was more misfolded. The z-score is significantly lower compared with the first modelled structure of cathepsin S (-8.49).
Interaction behaviour of both cathepsins
For the validation of the models of cathepsins K and S we studied the substrate and inhibitor specificity. For this purpose, Boc-Ala-Gly-Pro-Arg-MCA was used as the substrate because Aibe et al. (1996) found that cathepsin K hydrolyses this chromogenic substrate. The proline in the P 2 position strongly decreases the binding constant for cathepsin S as well as for L and B (Brömme et al., 1989) . Moreover, two peptidyl vinyl sulfones [Mu-X-Hph-ψ(CHϭCH-SO 2 -Ph)] as selective cysteine protease inhibitors with variations in the P 2 position (XϭLeu or MetO 2 ) were used for the investigations of the docking behaviour and interactions between the binding sites of the cathepsins and the different ligands .
The substrate and inhibitors were docked into the binding pocket of the calculated models using FLEXIDOCK. Several complexes were formed with different structural and energetic behaviour. After minimization of the complexes, attractive hydrophobic interactions and hydrogen bonds can be detected. The position and conformation of the substrate docking in both cathepsins show only small differences, only the Boc group was rotated to 90°in cathepsin S.
Based on the interactions of the substrate with the models of cathepsins K and S we can explain the different substrate specificity. The non-bonded interaction energies are given in Table IV . Since we did not consider entropy contributions in the docking procedure the calculated interaction energies represent only an estimation of the interaction enthalpy. Nevertheless, in comparing all complexes a smaller (more negative) interaction energy should correlate with higher affinity of the ligands to the cathepsins. In both cases hydrophobic interactions occur between the MCA group and the aromatic side chain of Trp184 in the S 1 Ј subsite (cathepsin K numbering). In cathepsin K a hydrogen bond is formed from the amide proton of MCA to the carbonyl oxygen of Asn161. Hydrophobic interactions can be formed between the side chain of Arg in the P 1 position to the backbone of Gly23, Gly64 and Gly65 in cathepsin K. In the case of cathepsin S, the side chain of Arg is similarly arranged and interactions can occur to the backbone of Gly23, Asn67 and Gly68. Hydrogen bonds can be detected between arginine and the S 1 subsite of both cathepsins. The amide protons of the Arg side chain form hydrogen bonds to the carbonyl oxygen of Asn161 and Gly65 of cathepsin K. In cathepsin S only one hydrogen bond is formed between the amide proton of the Arg side chain and backbone carbonyl oxygen of Asn67. The proline in the P 2 position shows more differences in the docking behaviour. A number of hydrophobic interactions are possible for the P 2 residue (Met68, Leu160, Ala134, Ala163 and Tyr47). In the case of cathepsin S the interactions of Pro to the S 2 subsite are diminished (Met71, Gly137 and Phe70). For the amino acid residues alanine and glycine of the substrate Table IV . Characteristics of cathepsins K and S interactions with their ligands (Aibe et al., 1996; Compound Cathepsin K Cathepsin S (P 3 and P 4 positions) the same interactions in both cathepsins can be observed. The reduced affinity to cathepsin S is also expressed by the diminished non-bonded interaction energy of cathepsin S compared with cathepsin K (Table IV) . These results explain why the substrate has a stronger affinity for cathepsin K. In contrast to the investigated substrate of the cathepsins the inhibitors adopt different arrangements in the active sites (see Figures 4a and b) . The calculated non-bonded interaction energies of the two inhibitors with both cathepsins are listed in Table IV. In the cathepsins attractive hydrophobic interactions occur between the phenyl ring of the inhibitor [Mu-Leu-Hph-ψ(CHϭ CH-SO 2 -Ph)] with the side chain of Trp184 (cathepsin K numbering) and with the His of the active site. However, the interaction to His162 is weakened in the case of cathepsin K. For the S 1 subsite the same attractive interactions can be detected in the cathepsins K and S. The side chain of the Hph group in the P 1 interacts with the backbone of Gly23, Gly64 and Gly65 (cathepsin K numbering). However, for the interaction of the Leu in the P 2 position we found differences between both cathepsins. The S 2 subsite of cathepsin S is wider and deeper as opposed to cathepsin K. In cathepsin K interactions can be observed between Leu and Tyr67, Met68, Ala133 and Ala163. The distances of the Leu side chain to Leu209 are too great for interactions between both residues. In cathepsin K the shortest distance of LeuCδ inh. to Leu209Cδ is 4.9 Å. The distance in cathepsin S between LeuCδ inh. and the centroid of the phenyl ring of Phe211 is 3.8 Å. Moreover, the side chain of Leu160 shows in a direction through which it is impossible to form a stable interaction to the Leu residue of the inhibitor.
In the binding pocket of cathepsin S the same hydrophobic interactions can occur to Phe70, Met71, Gly137 and Gly165, respectively. In addition, the side chains of Val162 and Phe211 can form hydrophobic interactions to Leu since the inhibitor is situated deeper in the binding pocket of cathepsin S compared with cathepsin K. For this reason we can also observe interactions between the six-membered ring of the Mu group in the P 5 position and Phe70 (Figure 4b ).
In the case of the inhibitor with the oxidized methionine in the P 2 position the interactions are clearer. Compared with cathepsin K the inhibitor lies deeper in the binding pocket. The same interactions can be observed in the S 1 Ј and S 1 subsites for both cathepsins with the exception that the amide proton of Hph in the P 1 position forms a hydrogen bond to the backbone carbonyl oxygen of Asn161 in cathepsin K.
The oxidation of the methionine which results in a significant increase in bulkiness of the P 2 residue decreases the inhibitory activity and accordingly the interaction energy with cathepsin K (Table IV) . In contrast, cathepsin S is able to accommodate the oxidized methionine and hydrophobic interactions can be formed with Gly137, Gly165, Met71, Val162, Phe70 and Phe211. A hydrogen bond can be detected between the carbonyl oxygen of MetO 2 to the amide proton of Gly165. The Mu group can be attached to Phe70 and we can also observe an additional interaction with the phenyl rings of Phe70 and Phe211 of cathepsin S.
The different hydrophobic interactions between both cathepsins and their inhibitors and the resulting interaction energies of these complexes help to explain the effect that the inhibitors have a higher inhibitory activity with cathepsin S than with cathepsin K (see Table IV ).
Discussion
The model of human cathepsin K that we built is in good agreement with the recently determined X-ray structure. This successful result instils much confidence in the modelling of the tertiary structure of cathepsin S. The active site cleft and the residues that are close to the ligands in the complexes are well conserved. The validity of the models was analysed by comparison with the X-ray structure of cathepsin K and by means of the energy graph of cathepsin S. We could establish that the structures correspond to stable parts of these molecules (Figure 1b) .
Based on these models we investigated the substrate and inhibitory activity of both cathepsins. Cathepsin K was able to hydrolyse several substrates which have arginine in the P 1 position. Mason et al. (1984 Mason et al. ( , 1985 reported that arginine is a highly efficient P 1 residue for the hydrolysis of methylcoumarylamide. In substrate selectivity, cathepsin K hydrolysed the chromogenic substrate Boc-Ala-Gly-Pro-Arg-MCA whereas cathepsin S could not. According to Brömme et al. (1989) the presence of proline in the P 2 position strongly decreases the binding constant for cathepsin K. Furthermore, cathepsin K shows a preference for small, hydrophobic residues in the P 3 position. Our studies correlate with these findings. The position of the substrate docking in the models is similar. However, in comparison to cathepsin S we can observe more hydrophobic interactions and hydrogen bonds between the substrate and cathepsin K, particularly for arginine and proline in the P 1 and P 2 positions. The pyrrolidine ring of Pro can be considered as a bottom of the substrate to interact with the S 2 subsite of cathepsin K. These results explain the reduced interaction energy of cathepsin S with the substrate in agreement with the lower substrate affinity to cathepsin S (Table IV) .
Peptidyl vinyl sulfones are specific cysteine protease inhibitors of human cathepsins . The experimental results of Brömme and co-workers (1996) declare that cathepsin S accepts a broader range of hydrophobic residues in its S 2 subsite than cathepsin K. The primary specificitydetermining S 2 subsite in cathepsin K appears to be spatially more restricted than that of cathepsin S. Based on these results we investigated the differences of the S 2 subsite of our determined models with two peptidyl vinyl sulfone inhibitors. Compared to cathepsin K these inhibitors are situated deeper in the active site cleft of cathepsin S. For this reason more interactions can be formed in cathepsin S. In contradiction, the distance between the side chain of the P 2 residue and the amino acid residues of the S 2 subsite in cathepsin K is too great. The inhibitor in cathepsin S is moved so that the interactions with Phe211 is possible. With the change of Leu160 (cathepsin K) to Val162 (cathepsin S) interactions can be detected whereas the side chain of Leu160 do not form the binding cleft because this side chain points to another direction. Furthermore, additional interactions can also be observed for cathepsin S between the Mu group and the phenyl ring of Phe79.
The estimated non-bonded interaction energies correlate with the substrate and inhibitory potency (Table IV) . Based on these results of the theoretical investigations presented in this paper it can be concluded that the modelling of the tertiary structures of the cathepsins K and S and the docking studies of their ligands is an effective way to determine the specificity of the binding pocket of cathepsins K and S and is also subject for further investigations to develop more specific substrates and inhibitors for both enzymes.
